Visual perceptual distortion (i.e., elongation) has been demonstrated in a single case study after several months of cortical deprivation after a stroke. Here we asked whether similar perceptual elongation can be observed in healthy participants after deprivation and, crucially, how soon after deprivation this elongation occurs. To answer this question, we patched one eye, thus noninvasively and reversibly depriving bottom-up input to the region of primary visual cortex (V1) corresponding to the blind spot (BS) in the unpatched eye, and tested whether and how quickly elongation occurs after the onset of deprivation. Within seconds of eye patching, participants perceived rectangles adjacent to the BS to be elongated toward the BS. We attribute this perceptual elongation to rapid receptive field expansion within the deprived V1 as reported in electrophysiological studies after retinal lesions and refer to it as "referred visual sensations" (RVS). This RVS is too fast to be the result of structural changes in the cortex (e.g., the growth of new connections), instead implicating unmasking of preexisting connections as the underlying neural mechanism. These findings may shed light on other reported perceptual distortions, as well as the phenomena of "filling-in."
Introduction
Perceptual distortion after deprivation has been well documented in the human adult somatosensory system. For example, stimulation of the face in arm amputees produces sensation not only on the face but also on the missing arm (Ramachandran et al., 1992) . Researchers have attributed these "referred sensations" to receptive field expansion of deprived somatosensory neurons (for review, see Calford, 2002) , arguing that, when the arm region of somatosensory cortex is deprived, the deprived "arm" neurons begin responding to stimuli that normally activate the adjacent "face" neurons. These referred sensations have been found in Ͻ24 h after amputation (Borsook et al., 1998) and less than 1 h after pharmacological nerve block (Weiss et al., 2004) .
In contrast to the somatosensory system, there has been little work on the perceptual consequences of deprivation in the visual system and no work investigating the time course of any such consequences. However, one study reported visual distortion after deprivation as a result of stroke (Dilks et al., 2007) . The patient's stroke spared primary visual cortex (V1) but destroyed the optic radiation fibers that normally provide input to V1 from the upper left visual field (LVF). As a consequence, the stroke patient was blind in the upper LVF, and stimuli presented in the lower LVF were vertically elongated (e.g., a square presented in the lower LVF was perceived as a rectangle extending toward the upper LVF). Using functional magnetic resonance imaging (fMRI), Dilks et al. (2007) also observed concomitant changes in V1 and argued that the perceptual elongation is a consequence of the deprived "upper LVF" neurons now responding to stimuli that typically activate the adjacent "lower LVF." However, this study was conducted several months after the patient's stroke, providing no information about the time course of such changes. The question addressed here is whether perceptual elongation can be observed in healthy participants after reversible cortical deprivation and how quickly it occurs. Determining the timing of perceptual elongation will provide important constraints on the potential underlying mechanism.
We reversibly deprived input to a region of V1 in healthy human adults by patching one eye. The logic is as follows. In the healthy visual system, the cortical representation of the blind spot (BS) of the right eye receives information from the left eye only (and vice versa). Therefore, if the left eye is patched, the cortex corresponding to the BS of the right eye is deprived of its normal bottom-up input. To test for perceptual distortions, at different time points after deprivation, rectangular stimuli were presented one at a time around the "deprived" BS (see Fig. 1 A) and participants judged the width or height of the stimuli. We found that, after only seconds of deprivation, rectangles adjacent to the deprived BS were perceived to be elongated toward the BS. We hypothesize these perceptual elongations are a consequence of rapid receptive field expansion of V1 neurons after deprivation, as reported in electrophysiological studies (Chino et al., 1992; Fiorani Jú nior et al., 1992; Schmid et al., 1996; Calford et al., 2000) and call them "referred visual sensations" (RVS).
Materials and Methods
Participants. Forty-eight healthy individuals aged 19 -50 years (10 in experiment 1, 5 in experiment 2, 9 in experiment 3, 20 in experiment 4, and 4 in experiment 5). All participants gave informed consent. All had normal or corrected-to-normal visual acuity and were naive to the purpose of the experiment.
Blind spot localization. Each participants' left eye was patched using a 2 ϫ 3 inch adhesive eye occlusor with a black eye patch placed over the top and were situated comfortably in a chinrest. We instructed participants to keep their right, unpatched eye fixated on a cross (1°ϫ 1°) on the left edge of the computer screen. After fixating, a square (0.5°ϫ 0.5°) first appeared 12°right of the fixation cross (outside the left border of the average-sized BS). The square stimulus was white (luminance of 80 cd/ m 2 ) presented on a black (luminance of 1.1 cd/m 2 ) background. To obtain a rough right boundary, participants moved the square starting at the left of the BS (using the arrow keys) in 1°increments to the right (through their BS) until the object first reappeared. At this point, the participant was instructed to press the space bar, and this boundary was recorded. Participants repeated this procedure for the left, top, and bottom boundaries to establish rough estimates for each position. These "rough" boundaries were then used to calculate the midpoint of the BS that was used for more precise measurements. To obtain more precise boundaries, participants followed the same procedure for multiple trials but with the white square beginning at the midpoint of the BS (not seen by the participant) and moving outward. Participants moved the square in increments of 0.25°until the square reappeared at the edge of their BS in the respective direction. The order of the four directions was randomized. A total of three measurements was taken per direction and averaged to produce the four boundaries of the BS. Estimates of the borders of the BS using this method were highly reproducible.
Experiments 1-5. In the experimental tasks, participants were asked to judge the width or height of rectangles presented one at a time in each of four locations (left, right, top, and bottom) around the BS with 0.5°s pacing between the closest edge of the rectangle and the calculated border of the BS (to ensure visibility of this edge) (Fig. 1 A) . The rectangle stimuli were white (luminance of 80 cd/m 2 ) presented on a black (luminance of 1.1 cd/m 2 ) background. In the width judgment task, five rectangles with identical height (2°), but varying in width (1.5, 1.75, 2, 2.25, and 2.5°), were presented in each of the four locations (Fig. 1C) . In the height judgment task, the height and width dimensions were reversed. Each rectangle was presented eight times in each location for 150 ms (to avoid potential eye movements). In experiment 2, only the right position was tested, and stimuli were presented at four distances (0.5, 1.5, 2.5, and 3.5°) from this position. Participants performed the horizontal judgment task. While keeping their unpatched eye on the fixation cross, participants were instructed to make the appropriate key response for "thinner/ shorter than a square," "square," or "wider/taller than a square" for the width and height judgment tasks, respectively. Unless otherwise noted, a binocular and monocular (right eye patched) control experiment was completed for each participant following the same procedures usually 1 week after the experimental testing. In both control experiments, the right eye BS representation, around which stimuli are presented, is "undeprived."
Responses were coded by assigning a ϩ1 to each wider/taller than a square response, a Ϫ1 to each shorter/thinner than a square response, and a 0 to each square response. A mean judgment score for each stimulus size difference (in degrees of visual angle) was computed by averaging the coded responses across trials. A negative mean judgment score indicates a predominance of thinner/shorter than a square responses, whereas a positive score indicates a predominance of wider/taller than a square responses.
The method of probits was used to identify the point of subjective equality (PSE), that is, the 50% point on the psychometric function. A negative PSE indicates a distortion in the predicted direction, and a positive PSE indicates a distortion in the anti-predicted direction. Additionally, this analysis identified the 95% confidence interval around the PSE, and the amount of distortion was considered significantly different from 0 if the confidence interval did not include 0. Because the method of probits requires a dichotomous-dependent variable (e.g., shorter vs taller response), the square responses were divided equally between the shorter/thinner and taller/wider response categories. This division mimics a two-alternative forced-choice procedure.
Results
In experiment 1, participants were tested immediately after the BS localization procedure (10 min after patching) and again after 2 h. Two undeprived control experiments were run on the same subjects 1 week after the deprived condition; in one, the right eye was patched, and in the other, neither eye was patched.
Our key finding is that, at both 10 min and 2 h after eye patching, participants perceived rectangles placed adjacent to the deprived BS to be elongated toward the BS. Thus, rectangles presented to the left and right of the BS appeared wider than they actually were, and rectangles presented above and below the BS appeared taller than they were ( Fig. 1 B shows predictions; Fig. 2 shows results). In contrast, participants were accurate in judging the width and height of rectangles presented next to the BS in both undeprived conditions (Fig. 2) . The magnitude of the perceptual elongation was quantified using a probit analysis to determine the PSE, that is, the aspect ratio of the stimulus rectangle that would be perceived as a square. This analysis revealed that, on average, rectangles ϳ10% shorter or narrower than a square (PSE of Ϫ9%) would be perceived as squares (Fig. 2 , red rectangles) after both 10 min and 2 h of deprivation. Interestingly, additional analyses revealed that the magnitude of elongation increased with increasing eccentricity: elongation was greatest on the right side of the BS, the most eccentric position tested, and weakest on the left side of the BS, closest to the fovea (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). In three additional participants with deprivation extending to 9 h, the magnitude of elongation was the same as that observed after 10 min (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material).
Next, we examined the magnitude of elongation as a function of distance of the stimulus from the border of the BS. In experiment 2, we presented stimuli at distances of 0.5, 1.5, 2.5, and 3.5 from the most peripheral (right side) border of the BS after 10 min of deprivation. The magnitude of elongation decreased with increasing distance from the border of the deprived BS, with the greatest amount of distortion for stimuli closest to the BS (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material). These findings rule out the possibility that our elongations are attributable to the reduced acuity for peripheral stimuli: for the width and height judgment tasks. B, Predicted elongation for the deprived condition. If deprived cortex representing the BS starts to respond to stimuli outside the BS, stimuli might be perceived as extending into the BS. C, Stimuli used for the width judgment task. Five rectangles with identical height (2°), but varying in width (1.5, 1.75, 2, 2.25, and 2.5°), were presented one at a time in each of the four locations. In the height judgment task, the rectangles were rotated 90°(not pictured).
although the 3.5°stimuli were the farthest from fixation, shape judgments were more veridical (0% elongation) than those closer to the fovea.
Might the perceptual elongation reported here originate in the retina, for example, because of an anomaly in the tissue immediately adjacent to the optic disk? Neither of our undeprived control conditions provides a strong test of this hypothesis, because the test stimulus was never exclusively presented to the retina around the optic disk. In experiment 3, we therefore tested this hypothesis on five additional participants by presenting the test rectangles in one of four locations around the BS of the right eye (i.e., to the retinal position around the optic disk) but neither patching the left eye nor allowing it to see the test stimulus. Specifically, we placed a divider projecting from the nose toward the screen, thus obscuring the view of the stimulus by the left eye (without depriving it of input) and presenting the stimulus to the right eye only. If the critical factor in our elongation effect is deprivation of the cortical representation of the BS per se, rather than simply placement of the test stimulus next to the BS, we should observe no elongation in this case. Indeed, no elongation was found. Thus, elongation critically depends on cortical deprivation, i.e., the loss of bottom-up input (supplemental Fig. 4 , available at www.jneurosci.org as supplemental material); simply presenting stimuli to the retinal region adjacent to the BS without depriving the other eye is insufficient.
How quickly after deprivation does this elongation occur? In experiment 4, we asked whether perceptual elongation can occur in Ͻ10 min of deprivation. Shape judgments as before were obtained over an 8 min period and analyzed in 2 min time bins. At all times points after patching, participants perceived rectangles adjacent to the deprived BS as elongated toward the BS (Fig. 3) . Most strikingly, significant elongation was observed within 2 min: rectangles presented next to the BS had to be elongated by almost 10% to be perceived as squares (Fig. 3) . In the undeprived condition (binocular), participants were accurate in judging the aspect ratio of rectangles at all time intervals.
Could this elongation occur within seconds? And what is the time course of "recovery"? To examine more finely the time courses of elongation and recovery, in experiment 5, we obtained aspect ratio judgments over alternating 2 min blocks of deprivation and nondeprivation conditions and analyzed the data in 1 s bins for each condition. Specifically, individuals were asked to close both eyes, and, while they were closed, one eye was patched (taking ϳ5 s). With both eyes closed, the participant waited for the experimenter's instruction to open the unpatched eye, fixate, and immediately begin judging the width or height of the rectangles (deprived condition). After 2 min, the fixation cross was removed, and the participant closed the unpatched eye. The experimenter then removed the patch while the participant continued to keep both eyes closed. After the removal of the patch, at the experimenter's instruction, the participant opened both eyes and immediately began the task (undeprived condition). This procedure was repeated 20 times (10 blocks of each condition). Even on the very first trial, which occurred within seconds of the onset of deprivation, participants perceived rectangles adjacent to the deprived BS as significantly elongated toward the BS (Fig. 4) . Moreover, the elongations reversed within seconds when the deprivation ended, showing that recovery is equally rapid. Perceptual elongations after 10 min and 2 h of deprivation. The figure depicts the mean elongation judgment along the axis of predicted distortion (i.e., the horizontal axis for stimuli presented to the left and right of the BS; the vertical axis for stimuli presented above and below the BS), as a function of stimulus aspect ratio (see black and gray rectangles). The black lines show the undeprived conditions (solid black line, right eye was patched; dashed black line, neither eye patched, i.e., binocular viewing). The blue and green lines show the deprived conditions at 2 h and 10 min, respectively. In the undeprived control conditions, a square (x-axis: 0% difference in width and height) is perceived veridically ( y-axis: 0 elongation judgment or square). In the deprived condition, this same stimulus is seen as elongated along the predicted axis of distortion (i.e., wider when presented to the left and right of the BS, and taller when presented to above and below the BS). More generally, the upward shift of the curves in the deprived conditions (blue and green lines) indicates an elongation of all rectangles along the axis of predicted distortion after 2 h of deprivation and after 10 min. The PSE indicates the rectangles that were perceived as squares after deprivation (shown in red): the PSE was Ϫ9%, which indicates that a rectangle either 9% thinner than a square (if presented to the left and right of the BS) or 9% shorter than a square (if presented above and below the BS) was perceived as a square. The 9% magnitude of elongation was significantly different from 0 (in which 0 indicates no distortion and was outside the 95% confidence interval around the PSE) after both 10 min and 2 h of deprivation, and the magnitude of the effect did not differ in the two cases (t (9) ϭ 0.35; p ϭ 0.73). Moreover, the effect was significantly greater after each deprived condition than in each undeprived control condition (t (9) ϭ 4.54, 3.36 for 10 min vs binocular and monocular controls, respectively, and 6.24, 4.81 for 2 h vs binocular and monocular controls, respectively; all 4 p values Ͻ0.01). No significant elongation was found in either of the undeprived control conditions (the 95% confidence interval around the PSE for each condition included 0), nor did the two conditions differ from each other (t (9) ϭ 0.51; p ϭ 0.62). Error bars reflect the 95% confidence intervals around the PSE. Within 2 min, rectangles presented next to the deprived BS had to be elongated by nearly 8% to be perceived as squares. In the deprived condition, the magnitude of elongation at all time intervals was significantly Ͼ0 (the 95% confidence interval around the PSEs did not include 0), and they did not differ from each other (F (3,57) ϭ 0.164; p Ͼ 0.9). In contrast, no significant elongation was found at any of the four time points in the undeprived condition (the 95% confidence intervals included 0), nor did they differ from each other (F (3,57) ϭ 1.35; p Ͼ 0.25).
Discussion
Using a noninvasive method to reversibly deprive a region of V1 (i.e., the cortical representation of the BS) in healthy human adults, we have shown perceptual elongations around the deprived BS, and, crucially, we found that these elongations occur within seconds of deprivation. Our findings suggest the following hypothesis: perceptual elongations are a consequence of rapid receptive field expansion after deprivation. For example, if the deprived V1 region representing the BS begins to respond to stimuli that normally activate adjacent cortex only, then stimuli presented adjacent to the deprived BS region will appear elongated toward that region. This hypothesis is consistent with electrophysiological studies demonstrating that, after minutes or hours of deprivation, deprived V1 neurons come to respond to stimuli that normally activate adjacent cortex only (Chino et al., 1992; Fiorani Jú nior et al., 1992; Schmid et al., 1996; Calford et al., 2000) . Moreover, the reported RVS is too fast to be the result of structural changes in the cortex (e.g., the growth of new connections) (Darian-Smith and Gilbert, 1994; Keck et al., 2008) , instead implicating unmasking of preexisting connections as the underlying neural mechanism (Das and Gilbert, 1995; Calford et al., 2003) . Note, however, that our effect occurs within seconds, faster than reported previously. Physiological studies have reported effects of deprivation occurring within minutes or hours of retinal lesioning but could not test for effects occurring within seconds because of widespread temporary deactivation of neurons immediately after the lesioning procedure (Chu et al., 1998) . The extreme rapidity of our effect may also provide an explanation for one recent failure to find any evidence for reorganization (Smirnakis et al., 2005) : the baseline measurement in that study was conducted hours after the retinal lesions were made, when the changes we observed would have already occurred.
It is an open question whether the proposed mechanism also underlies the other reported cases of long-term reorganization of visual cortex, i.e., the changes in retinotopic maps from patients with scotomas (Baker et al., 2005 (Baker et al., , 2007 Dilks et al., 2007 Dilks et al., , 2009 ; Masuda et al., 2008) , and the changes in receptive fields that have been observed physiologically after months of deprivation (Kaas et al., 1990; Heinen and Skavenski, 1991; Gilbert and Wiesel, 1992) . Perhaps structural changes in cortex also occur, as reported in mice (Keck et al., 2008) and in some (Darian-Smith and Gilbert, 1994) but not all (Horton and Hocking, 1998; Smirnakis et al., 2005) studies in other species and play a significant role in cortical reorganization over longer timescales (Kaas et al., 1990; Heinen and Skavenski, 1991; Gilbert and Wiesel, 1992; Baker et al., 2005 Baker et al., , 2008 Dilks et al., 2007 Dilks et al., , 2009 ). As noted previously, a previous study showed perceptual elongations much like those shown here, along with corresponding changes in retinotopic organization in the same subject, suggesting that physiological changes in V1 receptive fields might also be involved in the distortion effects observed here (Dilks et al., 2007) . The larger magnitude of elongation reported in the stroke patient with deprived V1 compared with the BS effects reported here may reflect the much larger scotoma in the former case.
Although our hypothesis implicates receptive field changes in the human adult, one might imagine that the elongations we observed could reflect reorganization occurring in infancy or childhood. For example, the BS could be described as a "lesion" from birth, whereby neurons in the region of the lateral geniculate nucleus (LGN) corresponding to the BS are deprived of any retinal input. This deprivation could result in reorganization in the LGN at an early developmental age, such that patching one eye simply uncovers this early subcortical change. However, previous research reported that no such reorganization occurs in the LGN except in the case of albinism Kaas, 1971, 1973; Guillery et al., 1984) . Furthermore, in the normal visual system, retinotopy in the LGN is so precise that the BS is represented by small gaps free of cells (Kaas et al., 1972 ; thus, there are no neurons in LGN representing the BS to become responsive to inputs from adjacent retinal locations. These findings argue against the hypothesis that our results reflect reorganization in the LGN early in life.
Our findings are consistent with another study that tested for perceptual distortion resulting from an "artificial scotoma" (Kapadia et al., 1994 ) (see also Tailby and Metha, 2004) , in which a region of retina sees only a uniform gray square, while the surrounding region is stimulated by dynamic white noise. This study reported that the perceived position of a short line segment presented near the border of the artificial scotoma was slightly shifted (2.50 -5.00 min of arc) toward the scotoma. Furthermore, Kapadia et al. (1994) reported that the shift occurred within 2 s of exposure to the artificial scotoma display. This shift was attributed to receptive field expansion, as seen in the animal studies that found expansion of receptive fields in visual field locations corresponding to the artificial scotoma (Fiorani Jú nior et al., 1992; Pettet and Gilbert, 1992; DeAngelis et al., 1995) . Whether the elongations reported here and the mislocalizations from artificial scotomata involve similar mechanisms remains an open question. Note, however, that our effects are much larger (three to six times larger) than those reported previously by Kapadia et al. (1994) . Moreover, it is unclear how artificial scotomas relate to visual deprivation because all areas of the retina are still receiving visual input, albeit uniform illumination. In our paradigm, patching effectively removed bottom-up input to a region of cortex, more closely corresponding to deprivation of input in the retinal lesion studies. In another study (Van Baelen et al., 2005) , spatial mislocalizations were also found around the BS, but the time course was not investigated.
The perceptual elongation reported here might also bear some resemblance to filling-in of the BS, in which the entire BS appears to fill in with the texture or color surrounding it under monocular viewing conditions, and collinear bars that abut the BS are . Second-by-second analysis of perceptual elongations. The figure depicts the PSEs (indicating the size rectangle perceived as square) for every trial over a 2 min block for the deprived (red line) and undeprived (black line) conditions. Each trial took ϳ1 s. The shaded area around each curve indicates the 95% confidence interval around that PSE. On the very first trial (i.e., within the first second after the onset of deprivation), significant elongation was observed (PSE of Ϫ10%, and the 95% confidence interval did not include 0). In contrast, on the very first trial after the deprivation ends, the elongations reverse and perception returns to normal (PSE of Ϫ2%, and the 95% confidence interval includes 0).
"completed" and perceived as continuous despite the gap. However, previous studies (Fiorani Jú nior et al., 1992; Ramachandran, 1992; Awater et al., 2005; Matsumoto and Komatsu, 2005) have reported that no perceptual filling-in occurs when single bars are presented to just one side of the BS as used in this study. Thus, our effect cannot be explained by the traditional perspective on filling-in around the BS, although one appealingly parsimonious account would be that common mechanisms underlie both our distortion phenomena and filling-in around the BS. Unfortunately, even at the highest spatial resolution we could obtain (1 mm isotropic), we were unable to resolve fMRI responses to distinct subregions within the BS and so cannot (yet) test this hypothesis with fMRI (D. D. Dilks, unpublished data). Interestingly, however, two single-unit studies have reported weak neural filling-in when a single bar is presented to only one side of the BS (Fiorani Jú nior et al., 1992; Matsumoto and Komatsu, 2005) , providing a likely neural correlate of our perceptual effect.
In summary, we found perceptual elongation that occurs within seconds of visual deprivation, that lasts as long as the deprivation continues, and that reverses within seconds if the deprivation ends. We attribute this elongation to rapid changes in receptive field properties in early visual cortex, and the rapidity of this effect implicates unmasking of preexisting connections as the underlying neural mechanism. Our findings point to an important new set of questions for future investigation. Are the mechanisms underlying the hypothesized very rapid changes of visual processing observed here the same as those resulting from macular degeneration (Baker et al., 2005 (Baker et al., , 2008 Masuda et al., 2008; Dilks et al., 2009) , stroke (Dilks et al., 2007) , and retinal lesions (Kaas et al., 1990; Heinen and Skavenski, 1991; Gilbert and Wiesel, 1992; Darian-Smith and Gilbert, 1994) ? Or, are additional mechanisms, perhaps including structural change in neural connections, involved in these longer-term phenomena? Are these phenomena related to, or entirely distinct from, the neural mechanisms underlying developmental plasticity? Whatever the ultimate answers to these questions, our results highlight the stunning ability of the cortex to adapt moment to moment to changes in experience even in adulthood.
